The enteropathogenic Escherichia coli K92 synthesizes a unique capsule consisting of polysialic acid ( polySia) with alternating α2,8-and α2,9-linkages. The fact that a single enzyme is responsible for the synthesis of these alternating regioisomeric linkages raises questions as to how this controlled bifunctionality is achieved mechanistically. Aiming to identify the sequence elements responsible for dual regiospecificity, we have utilized a high-throughput polysialyltransferase (polyST) activity screen to explore the relevant sequence space between this enzyme and its close monofunctional homolog from E. coli K1. The linkage specificity of selected mutants was subsequently confirmed using a polySia permethylation linkage analysis technique. We have identified a single amino acid exchange at residue 52 that toggles these enzymes between mono and dual regiospecificity. The results have implications for the mechanism by which the E. coli K92 polyST achieves bifunctional elongation.
Introduction
Many bacteria express a thick layer of a surface-associated polysaccharide known as the capsule or K-antigen (Whitfield 2006) . As these polysaccharides form the outermost surface of the bacterium, they redefine interactions with the external environment and play a critical role in the biology of many invasive pathogens (Roberts 1996; Whitfield 2006) . The biochemical properties of capsular polysaccharides are determined by the nature of the monosaccharide building blocks, the type of the glycosidic linkage between monosaccharides, and the length of the polymer. The capsular polysaccharides of some invasive strains of Escherichia coli, Neisseria meningitidis, Moraxella nonliquefaciens and Mannheimia haemolytica are homopolymers of the negatively charged nona-sugar sialic acid, known as polysialic acid ( polySia; McGuire and Binkley 1964; Bhattacharjee et al. 1975; Bøvre et al. 1983; Adlam et al. 1987 ). However, due to the existence of different glycosidic bonds, the polySia chains exhibit very different chemical, structural and immunological properties (Bhattacharjee et al. 1975; Robbins et al. 1975; Lindon et al. 1984) . In E. coli K1 and N. meningitidis serogroup B the sialic acids are linked by α2,8-bonds, in N. meningitidis serogroup C the linkage is α2,9 and in E. coli K92 α2,8-and α2,9-linkages alternate (Egan et al. 1977) . The polysialyltransferases ( polySTs) that catalyze the biosynthesis of these polysaccharides constitute their own CAZy (carbohydrate active enzyme) family, GT-38 (Cantarel et al. 2009) , and are predicted to adopt a GT-B (glycosyltransferase fold B) fold, consisting of two flexibly linked Rossmann-like domains that are facing each other (Audry et al. 2011; Breton et al. 2006) . Typically, the N-terminal Rossmann domain is involved in acceptor binding, whereas the C-terminal Rossmann domain binds the activated donor sugar (Breton et al. 2006) . The active site is located in a cleft between the two domains (for review, see Lairson et al. 2008) .
The formation of these polysaccharides-as for other glycoconjugates-is a template-independent process steered exclusively by the specificity of the glycosyltransferases for their natural donor and acceptor substrates and their ability to catalyze the formation of stereo-and regio-specific linkages. Based on this knowledge, the paradigm of "one-enzymeone-linkage" was proposed in 1968 (Hagopian et al. 1968 ), but more recently this paradigm has been challenged by the identification of enzymes consisting of only one glycosyltransferase domain but exhibiting specificity for two glycosidic linkages. Several bacterial sialyltransferases involved in lipooligosaccharide synthesis belong to this group of single-domain bifunctional enzymes. For example, the Campylobacter jejuni sialyltransferase (Cst-II) synthesizes a terminally disialylated structure by the consecutive addition of an α2,3-and an α2,8-linked sialic acid (Gilbert et al. 2000) . In addition, the lipooligosaccharide sialyltransferase (Lst) of N. meningitidis strain 126E(L1) is able to transfer sialic acid with either an α2,3-or an α2,6-linkage to the terminal galactose of the lipooligosaccharide (Wakarchuk et al. 2001) . Moving from the lipooligosaccharides to the surrounding capsule, an impressive example of bifunctionality is the E. coli K92-polyST. This enzyme synthesizes the alternating α2,8-/α2,9-linked polySia which envelopes E. coli K92 (Shen et al. 1999; McGowen et al. 2001) . The available evidence (Vionnet and Vann 2007) suggests that the K92-polyST forms chains of more than 100 residues by the successive addition of sialic acid residues with alternating α2,8-and α2,9-linkages.
With the aim to identify the sequence elements responsible for determining linkage specificity and thus the bifunctionality of the E. coli polySTs, chimeras have been constructed between the bifunctional E. coli K92-polyST and its highly homologous monofunctional counterpart, the E. coli K1-polyST. These fused proteins with different linkage specificity revealed that regions in the N-terminus, i.e. the first Rossmann domain, directly influence the linkage type of the capsular polysaccharide (Steenbergen and Vimr 2003) . In a similar approach, Peterson et al. (2011) demonstrated the importance of the N-terminus for the linkage specificity of the neisserial enzymes. They constructed chimeras of the homologous N. meningitidis serogroup B and C polySTs and could show altered linkage specificity after exchanging the first 107 amino acids.
In the current study, we demonstrate that linkage specificity as well as mono-or bifunctionality of the E. coli polySTs can be attributed to a single amino acid position. Using a recently developed high-throughput screening methodology for the testing of polyST activity (Keys et al. 2012) , we demonstrate that amino acid 52 in both enzymes provides a switch which controls regiospecificity of the catalyzed glycosidic bonds.
Results

A targeted polyST library
As previous studies by Steenbergen and Vimr (2003) had suggested that the determinants of K1 and K92 linkage specificity lie between amino acids 53 and 85 of these polySTs, mutations were initially limited to the amino acid stretch from His52 to Lys79. In this area, only six amino acids differ between these highly identical sequences and thus a combination of these six should be responsible for the altered linkage specificity (Figure 1) . To explore the role of these amino acids, we generated a targeted library using the K92-polyST as a template and primers with degenerate codons at each of these six positions. As each degenerate codon encodes only two possible amino acids, the final library consists, in principle, of 64 (2 6 ) possible constructs. This degenerate codon library approach is an adaptation of the method described by Reetz and Carballeira (2007) . Sequencing of the pooled library and 10 randomly picked clones confirmed the desired diversity of the library DNA (data not shown).
Screening for altered linkage specificity
To determine the linkage specificity of the constructed polyST chimeras, a recently established high-throughput in vivo assay was used (Keys et al. 2012) . The screen takes advantage of a dormant capsule gene complex in the acapsular strain E. coli BL21, which can be functionally complemented by the expression of active polySTs (Andreishcheva and Vann 2006; Keys et al. 2012) . After transformation of the library into the screening strain, MB3109, 4000 colonies were copied onto nitrocellulose membranes, grown on inducing plates, then developed with either the α2,8-specific antibody mAb735 or the α2,9-specific antibody mAb924 to detect for changed linkage specificity (neither of these mAbs react with the wildtype K92 polysaccharide). Results of the colony blots were confirmed by picking positive colonies from the master plates and retesting in 96-well format. Roughly 34% of all clones were positive with mAb735, indicating the presence of α2,8-linked polySia. Interestingly, no positives were detected with mAb924, thus demonstrating that none of the library clones had acquired the capability to produce the α2,9-linked polymer.
A single amino acid exchange alters linkage specificity of the E. coli K92 and E. coli K1-polySTs Ten clones with a confirmed positive reaction with mAb735 were sequenced and shown to contain up to four mutations per construct (Figure 1 ). Strikingly, clone 5 harbored only the single exchange H52N. Furthermore, the H52N mutation was present in all clones synthesizing α2,8-linked polySia. From this analysis, we conclude that the H52N mutation suffices to change the bifunctional K92-polyST into an α2,8-specific polyST. Consequently, we introduced the opposite mutation (N52H) into the E. coli K1 background, leading to the E. coli K1 N52H-polyST. As clones expressing this construct were not recognized by either mAb735 or mAb924, it was tempting to speculate that this mutant produces the alternating K92 polymer (Figure 2 ). To reconfirm the data obtained with the colony blot and to determine linkage specificity in the E. coli K1 N52H mutant, a second assay system was used.
Gas chromatography-mass spectrometry data confirm the key role of position 52 in determining linkage specificity Most recently, we developed a highly sensitive gas chromatography-mass spectrometry (GC/MS)-based methodology to analyze glycosidic linkages in oligo-and polySia chains (Galuska et al. 2012) . Therefore, after the introduction of each clone into the MB3109 strain, dried bacterial samples were used for DMB (1,2-diamino-4,5-methylenedioxybenzene) labeling and the resulting fluorescently tagged polySia chains were fractionated on a high-performance liquid chromatography (HPLC) system. After sample preparation as described in detail in Galuska et al. (2012) , partially methylated sialic acid units were analyzed on a GC/MS system and extracted ion chromatograms (EICs) were generated employing fragment ions at m/z 376. This mass/charge ratio correlates with a B-type fragment ion of both Neu5Ac4,5,7,9Me 4 (8Oa) and Neu5Ac,4,5,7,8Me 4 (9Oa), which possess different retention times when separated by GC. The EIC profiles of this analysis are displayed in Figure 3 . As positive control, the E. coli K1-polyST and E. coli K92-polyST are analyzed and show the signals for the two different kinds of wild-type polySia. For cultures transformed with a mock construct (empty vector), no signal could be detected (data not shown). Analysis of the polysaccharide of the E. coli K92 H52N-polyST revealed only the α2,8-linkage-specific signal, confirming the switched linkage specificity. For the E. coli K1 N52H-polyST, both linkage-specific signals are present arguing for a complete switch of enzymatic activity from α2,8-to alternating α2,8-/α2,9-linkages. Thus, we can conclude that residue 52 determines the linkage specificity and thus mono-or bifunctionality of the E. coli K1-and K92-polySTs.
Discussion
The enteropathogenic E. coli K92 synthesizes a unique polySia capsule with alternating α2,8-and α2,9-linkages. The demonstration that a single enzyme is responsible for the synthesis of these alternating regioisomeric linkages (Shen et al. 1999; McGowen et al. 2001 ) raises the question whether the enzyme catalyzes these reactions with one or two active sites (Steenbergen and Vimr 2003; May et al. 2012) . The availability of a close homolog, the K1-polyST, which can only form α2,8-linkages, has facilitated comparative studies investigating the basis of this dual regiospecificity (Steenbergen and Vimr 2003) . In our approach, we have utilized a newly established high-throughput polyST activity screen (Keys et al. 2012) to explore the relevant sequence space between amino acids 52 and 79. The combined immunological and chemical data demonstrate that the H52N exchange in the K92-polyST and the reciprocal N52H exchange in the K1-polyST switch the regiospecificity of these enzymes. Thus, residue 52 provides a toggle for mono and dual regiospecificity. The results have implications for the mechanism by which the K92-polyST achieves bifunctional elongation.
The presence of one or two active sites in the K92-polyST has long been discussed (Chao et al. 1999; McGowen et al. 2001; Steenbergen and Vimr 2003; Vionnet and Vann 2007) . Although the current knowledge of the three-dimensional structure of GT-B-folded glycosyltransferases would not support a model where one GT domain contained more than one active site, there remains a lack of experimental evidence that a single active site is able to catalyze different regionspecific linkages (May et al. 2012) . Conversion of the bifunctional K92-polyST to a monofunctional α2,8-specific enzyme with the H52N exchange may be due to (i) inactivation of a second active site which is responsible for forming α2,9-linkages or (ii) modification of a bifunctional active site such that only the formation of α2,8-linkages is possible. However, the observation that the reverse mutation, N52H, in the monofunctional K1-polyST results in a bifunctional enzyme provides conclusive evidence that the latter is the case and that residue 52 is specifically involved in determining regioselectivity of the glycosidic bond. Therefore, we can conclude that the K92-polyST contains a single bifunctional active site which forms both α2,8-and α2,9-linkages.
Further consideration of the strictly alternating α2,8-and α2,9-linkages of the K92 polysaccharide (Egan et al. 1977) suggests that bifunctionality is not achieved by a lack of active site regioselectivity. Rather, it seems that the enzyme precisely controls the regioselectivity of each new transfer. It seems logical that this alternating regioselectivity would be achieved by recognizing, and responding to, the final linkage of the acceptor in each round of catalysis. Several authors have noted that this may be achieved not only with minimal alteration of the enzyme's active site architecture, but that the alternating geometry of the bonds within the polysaccharide itself could result in the placement of different hydroxyl groups to carry out nucleophilic attack on the donor sugar (McGowen et al. 2001; Vionnet and Vann 2007; May et al. 2012) . We propose that the bifunctionality of the E. coli polySTs would be elegantly achieved if the enzyme tightly binds the pre-terminal sialic acid of the acceptor, while allowing a degree of flexibility in the placement of the terminal sialic acid. In this way, the final linkage in the acceptor molecule would determine the distance that the non-reducing end of the acceptor protrudes into the active site and therefore determine the placement of either the C8 or the C9 hydroxyl group in position for nucleophilic attack on the donor sugar. A terminal α2,8-linkage in the polymer would thus enable the transfer of the sialic acid unit to the hydroxyl group on C9, whereas a terminal α2,9-linkage would cause the nonreducing end to protrude further into the active site resulting in the formation of an α2,8-linkage. In the same way, the synthesis of α2,8-linked polySia in K1-polyST would be achieved with a slightly shorter distance between the donor sugar and the acceptor binding site of the pre-terminal sialic acid. This model, based on the tight binding of the acceptor's pre-terminal sialic acid, suggests that the mutation of residue 52 (H52N or N52H) would slightly reposition the binding site of this pre-terminal sialic acid. As such, this single amino Fig. 2 . In vivo activity assay. Linkage specificity of the indicated polySTs was tested in 96-well format, five repeats of each construct are shown. The polySTs were expressed in the screening strain, MB3109. Cultures were filtered onto nitrocellulose membranes and blots were developed with mAb735 or mAb924 to detect for poly-α2,8-or poly-α2,9-linked sialic acid respectively. An empty pET32a vector (mock) and the culture medium were included as negative controls. The function of mAb924 was controlled using the α2,9-specific enzyme from N. meningitidis serogroup C.
Linkage specificity of E. coli polysialyltransferases acid exchange can account for the observed switching of E. coli polyST linkage specificity.
Interestingly, position 52 is not conserved in the bacterial polySTs of the GT-38 family, but asparagine 52 is present in both GT38 members with α2,8-linkage specificity, namely the polySTs of E. coli K1 and N. meningitidis serogroup B. In contrast, N. meningitidis serogroup C harbors a threonine and E. coli K92 a histidine at the equivalent position. Our attempts to produce a K92-polyST with pure α2,9-linkage specificity by further mutation at position 52, including H52T, were unsuccessful (data not shown). We have not investigated amino acid replacements at this position in the neisserial enzymes; however, the importance of the N-terminus of the neisserial enzymes was demonstrated by Peterson et al. (2011) . Their study showed that replacing amino acids 1-107 of the group C enzyme with those from the group B enzyme altered the enzyme's linkage specificity. This region includes the corresponding amino acid N41 (N. meningitidis B) and T41 (N. meningitidis C) but the authors did not investigate the influence of single amino acid replacements.
Although our experimental design was based largely on the work of Steenbergen and Vimr (2003) , our results contradict certain findings from their study. In particular, their immunological assays of the K92-polyST with the H52N exchange failed to detect any change in linkage specificity. We have no explanation for this discrepancy in the immunological assays. However, because of the importance of this result, we confirmed our findings with a chemical analysis of the linkage type for each of the clones. In exact concordance with our immunological assay, the methylation and GC/MS analysis showed that the K92 H52N-polyST only produces α2,8-linked polySia. Further highlighting the importance of residue 52 for determining linkage specificity, is the GC/MS data which shows that the K1 N52H-polyST produces both α2,8-and α2,9-linkages, giving an EIC profile similar to that of the wild-type K92-polyST (Figure 3 ).
In conclusion, our data show that residue 52 of the E. coli polySTs is critical to determining the linkage specificity of these glycosyltransferases. The results indicate that the K92-polyST catalyzes the formation of the unique polySia heteropolymer using a single bifunctional active site. The simple switching between mono-and bifunctionality of these polymerases by a single amino acid replacement provides a convenient model system to afford further mechanistic insights into bifunctional carbohydrate polymerases.
Materials and methods
General cloning
All cloning was accomplished using the NucleoSpin Extract or Plasmid kits (Macheray-Nagel, Düren, Germany) for DNA-extraction, Phusion polymerase (Finnzymes/Fisher Scientific, Schwerte, Germany) for the polymerase chain Fig. 3 . Linkage analyses of DMB-labeled polySia. Selected E. coli strains were directly subjected to DMB-labeling and HPLC separation using fluorometric detection (data not shown). Fractions with polymers of more than eight sialic acid units were collected for further linkage analysis. Resulting partially methylated sialic acid derivatives were monitored in the EIC mode using the B-type fragment ion at m/z 376 for the detection of internal 8Oa or 9Oa Sia derivatives. In each case, 5% of the resulting permethylated samples were used for GC/MS analysis.
TG Keys et al. reaction (PCR) amplification of DNA fragments, restriction enzymes NotI-HF and BamHI-HF (New England Biolabs, Ipswich, MA), and T4-ligase (Fermentas/Fisher Scientific, Schwerte, Germany) for the ligation of DNA fragments according to the manufacturers' specifications. All primers were supplied by Sigma-Aldrich (Steinheim, Germany).
Bacterial strains Escherichia coli BL21-Gold(DE3) and DH10B were purchased from Stratagene/Agilent Technologies (Waldbronn, Germany). Escherichia coli XL1-blue was purchased from Invitrogen/Life Technologies (Darmstadt, Germany). MB3109 is the screening strain, it consists of the BL21-Gold(DE3) strain with a genomic nanA (sialate lyase) deletion and harbors a helper plasmid encoding the cytidine monophosphate N-acetylneuraminic acid (CMP-Sia) synthetase (neuA), Sia synthase (neuB) and uridine diphosphate N-acetylglucosamine 2-epimerase (neuC), which provide a pathway to CMP-Sia synthesis (Keys et al. 2012) . Cells were made electrocompetent by 100-fold concentration, washing twice with ice-cold water and resuspension in cold 10% glycerol.
Library construction
Library construction was performed in two steps using the full-length E. coli K92-polyST as a template. In a first step, degeneracies were introduced at amino acids 61, 63, 68, 72 and 79 using overlap extension PCR (Heckman and Pease 2007) with the degenerate primers tk287 5′-GGWAGTT ACTTCTTYTGCTAAATTTTTGAAYAAACRACTCTGCTT-TCTTTAATTGCC-3′ and hf19 5′-TAGCARAAGAAGTAAC TWCCTTATTGTTTTGGCAACTRAGAAAAACACTGAAA TGCC-3′ in combination with the standard flanking primers T7 5′-TAATACGACTCACTATAGGG-3′ and T7-term 5′-AAG GGGTTATGCTAGTTATTGCTCAG-3′. The fused PCR products were ligated via BamHI/NotI restriction sites into a modified pET32a vector containing an N-terminal Strep-tag-II and a C-terminal 6xHis-tag under T7/lac control (Keys et al. 2012) . Ligation products were electroporated into 100 µL of competent DH10B (2 kV, 200 Ω, 25 µF, 0.1 cm cuvette), yielding greater than 5 × 10 4 transformants. Inclusion of degenerate codons was analyzed by sequencing (GATC Biotech, Konstanz, Germany) of the pooled library clones. In the second step, the H52N mutation was introduced into the library DNA using the same cloning procedure with the mutagenesis primers tk307 5′-GCCCTAAATTAGCAACAATAAAAATATTTTTAC-3′ and tk306 5′-GTTGCTAATTTAGGGCAATTAAAG-3′. After confirmation of integrity of the second library, the two libraries were pooled in equal parts for screening.
Library screening
Screening of the pooled library was performed according to the method described by Keys et al. (2012) , with slight alterations. One nanogram of library DNA was transformed into 100 µL electrocompetent MB3109 (2.5 kV, 200 Ω, 25 µF, 0.2 cm cuvette). The cells were plated onto Luria-Bertani agar to give 2000 colonies per 140 mm plate, and then grown for 10-12 h at 37°C until colonies had reached a diameter of 0.5-1 mm. The colonies were copied onto a nitrocellulose membrane, then placed colony-side-up onto inducing plates and incubated for 3 h at room temperature (23°C). The colonies were lyzed on the membrane by placing them on 3-mm Whatman paper soaked in: (i) 10% sodium dodecyl sulfate, 10% methanol, (ii) 1.5 M NaCl, 0.5 M NaOH, 10% methanol and (iii) 0.5 M Tris-HCl, pH 8.0, 50% methanol. After 10 min on each solution, the membranes were washed twice with phosphate-buffered saline (PBS), then blocked with PBS: Licor blocking buffer (1:1) for 1 h. Antibody detection was carried out for two plates simultaneously, probing one blot with 0.5 µg/mL of mAb735 (Frosch et al. 1985) and the other with a 1:4000 dilution of the mAb924 ascites (Bergfeld et al. 2009 ). After washing three times for 5 min with PBS-Tween (0.1%), the blots were incubated for 1 h with the secondary antibody (anti-mouse IR800; 1:20,000; LI-COR Biosciences, Bad Homburg, Germany), washed with PBS-Tween as before and analyzed on the Odysee infrared imaging system (LI-COR Biosciences).
In vivo activity assay in 96-well format The second confirmatory screen in 96-well format was also performed according to Keys et al. (2012) , with slight alterations. The cultures were grown in 96-well flat bottom plates, to allow for spectroscopic analysis on a plate reader (PowerWave 340, BioTek, Bad Friedrichshall, Germany). Overnight cultures were grown at 37°C with shaking at 1000 rpm. 5 µL of overnight cultures were added to 100 µL fresh culture medium under antibiotic selection, typically the starting OD 600 would be 0.1. The cultures were then grown for 2.5 h at 37°C until they had reached an OD 600 of 0.6-0.8. Then, the cultures were cooled for 10 min on ice, and isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM. The induced cultures were incubated at room temperature for 3 h, shaking at 1000 rpm, to a final OD 600 of 1.2-1.6. For the detection of polySia, 50 µL of each culture was transferred into a 96-well half-area plate then filtered onto a nitrocellulose membrane. Subsequent lysis and antibody detection were performed as described for the library screen.
Linkage analysis by methylation analysis after fluorescence labeling Twenty mL cultures were grown as described in the previous paragraph. After the 3 h incubation step, the cultures were cooled on ice, 2 mL aliquots were centrifuged at 16 000 × g for 3 min and medium was removed entirely. The bacterial pellets were snap-frozen in liquid nitrogen and stored at −80°C. Bacterial pellets were dissolved in 240 µL of DMB reaction buffer and incubated for 1 h at 50°C (Galuska et al. 2012) . The reaction was stopped by addition of 60 µL of 1 M NaOH. After the removal of insoluble material, DMB-labeled sialic acid polymers were separated by anion-exchange chromatography (DNAPac PA-100 column, Dionex, Idstein, Germany). The fraction comprising polySia (degree of polymerization ≥8) was collected and subjected to the permethylation procedure as described in detail previously (Galuska et al. 2012) . GC/MS analyses were performed on a Polaris Q instrument (Thermo Scientific, Dreieich, Germany). Samples were separated on a VF 5MS column (60 m; Agilent Technologies, Waldbronn, Germany) using the following conditions: T 0 min = 50°C;
Linkage specificity of E. coli polysialyltransferases T 1.88 min = 50°C; T 4.63 min = 160°C; T 28.63 min = 280°C; T 30 min = 280°C. Helium was used as carrier gas for GC/MS analyses.
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